Al-Qudah M, Anderson CD, Mahavadi S, Bradley ZL, Akbarali HI, Murthy KS, Grider JR. Brain-derived neurotrophic factor enhances cholinergic contraction of longitudinal muscle of rabbit intestine via activation of phospholipase C. Am J Physiol Gastrointest Liver Physiol 306: G328 -G337, 2014. First published December 19, 2013 doi:10.1152/ajpgi.00203.2013.-Brain-derived neurotrophic factor (BDNF) belongs to the neurotrophin family of proteins best known for its role in neuronal survival, differentiation, migration, and synaptic plasticity in central and peripheral neurons. BDNF is also widely expressed in nonneuronal tissues including the gastrointestinal tract. The role of BDNF in intestinal smooth muscle contractility is not well defined. The aim of this study was to identify the role of BDNF in carbachol (CCh)-and substance P (SP)-induced contraction of intestinal longitudinal smooth muscle. BDNF, selective tropomyosin-related kinase B (TrkB) receptor agonists, and pharmacological inhibitors of signaling pathways were examined for their effects on contraction of rabbit intestinal longitudinal muscle strips induced by CCh and SP. BDNF activation of intracellular signaling pathways was examined by Western blot in homogenates of muscle strips and isolated muscle cells. One-hour preincubation with BDNF enhanced intestinal muscle contraction induced by CCh but not by SP. The selective synthetic TrkB agonists LM 22A4 and 7,8-dihydroxyflavone produced similar effects to BDNF. The Trk antagonist K-252a, a TrkB antibody but not p75NTR antibody, blocked the effect of BDNF. The enhancement of CCh-induced contraction by BDNF was blocked by the phospholipase C (PLC) antagonist U73122, but not by ERK1/2 or Akt antagonists. Direct measurement in muscle strips and isolated muscle cells showed that BDNF caused phosphorylation of TrkB receptors and PLC-␥, but not ERK1/2 or Akt. We conclude that exogenous BDNF augments the CCh-induced contraction of longitudinal muscle from rabbit intestine by activating TrkB receptors and subsequent PLC activation.
induces autophosphorylation of the receptor intracellular tyrosine kinase domain that leads to activation of one or more of three canonical and independent intracellular signaling pathways: the Ras/extracellular signal-regulated kinase (ERK) pathway, the phosphatidylinositol-3-OH kinase (PI3K)/Akt pathway, and the phospholipase C-␥1 (PLC-␥1) pathway (52) .
There have been relatively few studies of the effects of BDNF on gastrointestinal motility even though several sources of BDNF are present in the gut including gastrointestinal smooth muscle (4, 16 -18, 24, 35) , vascular smooth muscle in the gut wall (17) , mucosal cells including some enteroendocrine cells (7, 16, 29, 34, 35, 38) , and neuronal and/or glial components of the myenteric and submucosal plexus (7, 24 -26, 29, 34, 35) . Where studied, however, BDNF has been shown to enhance excitation. In rat, exogenous BDNF enhances the sensory limb of the colonic peristaltic reflex by augmenting the release of serotonin and calcitonin gene-related peptide and to augment the frequency, amplitude, and duration of colonic spike bursts (9, 22, 23) . In mice, partial depletion of BDNF (BDNF ϩ/Ϫ ) results in decreased velocity of fecal pellet propulsion (22) . In humans, BDNF enhanced gut motility, accelerated colonic transit, and increased stool frequency without changing stool consistency, suggesting a role in motility rather than secretion (8, 12, 59) . The mechanisms underlying the excitatory effect of BDNF on gut motility have not been fully characterized.
BDNF also has a potential role in the gut pathophysiology because expression of BDNF is upregulated in inflammation (13, 29 -31, 54, 60, 61) . In a similar manner, BDNF is upregulated in airway smooth muscle during airway inflammation and causes a hypercontractility of airway smooth muscle (1, 40, 48, 49, 57) . This raises the possibility that the increased BDNF expression in gut smooth muscle may account in part for the hypercontractility of the gut muscularis during inflammation.
In the present study, we have tested the hypothesis that BDNF causes an increased contractile response in intestinal smooth muscle analogous to its effects in airway smooth muscle. The effects of BDNF on carbachol (CCh)-and substance P (SP)-induced contractions were studied in longitudinal muscle-myenteric plexus (LM-MP) strips isolated from rabbit jejunum in the presence and absence of selective antagonists of signaling pathways. In addition, we measured the phosphorylation of intracellular signaling molecules in rabbit longitudinal muscle strips and isolated muscle cells in response to BDNF. The results demonstrate that BDNF enhances CCh-but not SP-induced contraction of longitudinal smooth muscle by activation of PLC.
MATERIALS AND METHODS
Preparation of muscle strips. New Zealand White rabbits (weight: 4 -5 lbs) were purchased from RSI Biotechnology, Clemmons, NC and housed in the animal facility administered by the Division of Animal Resources, Virginia Commonwealth University. All procedures were approved by the Institutional Animal Care and Use Committee of the Virginia Commonwealth University.
Rabbits were killed by injection of Euthasol (100 mg/kg), and intestinal muscle strips were prepared from the jejunum. The jejunum was removed, flushed with Krebs buffer, and placed in warmed (37°C) Krebs buffer of the following composition (in mM): 118 NaCl, 4.75 KCl, 1.19 KH2PO4, 1.2 MgSO4, 2.54 CaCl2, 25 NaHCO3, 11 mM glucose (pH 7.4) and bubbled with 95% O 2-5% CO2. Two-to 3-cm-long segments were freed of fat and mesenteric attachments. The longitudinal layer was peeled off carefully with wet Kim wipes to form a LM-MP preparation and held in oxygenated Krebs buffer until use. The same strip preparation was used for strips designated for tension recording, measurement of signaling molecules, or generation of smooth muscle cultures; separate strips were used for each experiment and procedure.
Muscle strips were tied in the orientation of the longitudinal muscle layer at both ends with surgical silk. One end was tied to a glass hook and the strip was placed in a vertical orientation in a 2-or 5-ml organ bath (Radnoti, Monrovia, CA) containing oxygenated and warmed Krebs buffer. The other end of the muscle strip was then attached to a model FT03C force-displacement transducer (Grass Technologies, Quincy, MA). The bath fluid was changed at 15-min intervals during equilibration and after each test agent. Force recordings were amplified by a 15A12 model amplifier (contained within a model 15LT amplifier system) and relayed to a PVA-16 Polyview adaptor (Grass Instruments, Quincy, MA).
Experimental design and data analysis for tension experiments. The strips were allowed to equilibrate at 1 g tension for at least 1 h before any experiment. Exposure to test agents, inhibitors, CCh, and SP was done while strips were suspended in the organ bath. In each case, control responses to CCh and SP were first established before subsequent addition of test agonists. Each strip served as control for its own treatment.
Experiments were conducted in the following manner. Two strips were assigned for each experimental condition and examined in parallel in separate organ baths after standard responses were obtained. Control strips were first tested with a defined concentration of either CCh or SP for 3 min, then washed a total of three times with 15-min intervals. A second dose of CCh or SP was applied after that and a second cycle of three washings was applied. The strips were maintained in Krebs for 1 h and the response to CCh or SP was repeated. For BDNF-treated strips, the control response to CCh or SP was obtained in the absence of BDNF as in control strips, then BDNF was added to the bath for a 1-h equilibration period, after which the strips were exposed to CCh or SP for 3 min. From preliminary studies presented under RESULTS in which strips were preincubated for varying lengths of time (15 min to 24 h), it was determined that 1 h preincubation was optimal and all subsequent studies were done at 1 h preincubation. For strips that were assigned for antagonist treatment, the antagonist was added to the bath 15 min before BDNF. These included antagonists of neurotransmission (tetrodotoxin), the TrkB receptor (K252a), Erk 1/2 (PD98059), PI3K/Akt (LY294002), and PLC (U73122). For strips assigned to treatment with antibodies to either TrkB or p75NTR, the antibody was added at the same time as BDNF and remained in the organ bath for the 1 h of incubation. Control strips were incubated with the antagonists or antibodies in the same manner in the absence of BDNF. Strips were randomly assigned to the experimental groups.
Results were analyzed by using the Polyview software program, where basal tone was measured as the mean tension during a 3-min period following at least 30 min of equilibration (control conditions) or 15 min of inhibitor incubation prior to addition of CCh or SP. The basal recording was obtained during the interval just preceding CCh or BDNF administration. Peak contraction was measured as amplitude (peak to peak) of contraction above basal (in grams) during the 2-min period following administration of CCh or SP. The contraction amplitudes were compared between treatment conditions and controls; thus each strip served as its own control. Statistical analysis was done on the data as recorded in grams force using ANOVA and a post hoc Tukey's test for multiple comparisons with GraphPad (PRISM/GraphPad Software, La Jolla, CA). A paired Student's t-test was used when control and experimental data were obtained from the same strip and a single comparison was made. A probability of P Ͻ 0.05 was considered significant. Values are reported as grams or as data normalized to percentage of control CCh-induced contraction in the same strip and are means Ϯ SE. As separate strips were used from separate animals for each experiment, n values represent the number of experiments, strips, and animals.
Preparation and culture of isolated smooth muscle cells. LM-MP strips were prepared from jejunum as described above for tension measurements, and smooth muscle cells were isolated and grown in culture as described previously (45, 58) . Briefly, strips were incubated for 30 min in buffer at 31°C containing 0.1% collagenase (300 U/ml) and 0.01% soybean trypsin inhibitor (wt/vol). The partly digested tissues were washed twice with 50-ml of collagenase-free buffer and the muscle cells were allowed to disperse spontaneously for 30 min in collagenase-free medium. Cells were harvested by filtration through 500 m Nitex and centrifuged twice at 350 g for 10 min to eliminate broken cells and organelles. The muscle cells were resuspended in Dulbecco's modified Eagle's medium (DMEM) containing penicillin (200 U/ml), streptomycin (200 g/ml), gentamycin (100 g/ml), amphotericin B (2.5 g/ml), and 10% fetal bovine serum (DMEM-10), plated at a concentration of 5 ϫ 10 5 cells/ml, and incubated at 37°C in a CO2 incubator. DMEM-10 medium was replaced every 3 days for 2-3 wk until confluence was attained. The muscle cells in confluent primary cultures were trypsinized (0.5 mg trypsin/ml), replated at a concentration of 2.5 ϫ 10 5 cells/ml, and cultured under the same conditions. All experiments were done on cells in the first passage. Previous studies determined the purity of cultured muscle cells with smooth muscle-specific ␥-actin and absence of non-smooth muscle cell types (58) . Cultured muscle cells were starved in serumfree medium for 24 h before use to measure the effect of BDNF on expression of signaling molecules as described under Western immunoblotting below.
Protein extraction. To determine the cellular signaling pathways mediating the response to BDNF, LM-MP and cultured smooth muscle cells from the longitudinal muscle layer were incubated in the presence of 10 nM BDNF to match the tension experiments and then the protein was extracted. In this manner the signaling pathways data and the contractile data for augmentation by BDNF were comparable.
LM-MP strips were homogenized with solubilization buffer of the following composition: 50 mM Tris·HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 100 mM NaF. Cultures of muscle cells were solubilized in lysis buffer containing 20 mM Tris·HCl, 1 mM dithiothreitol, 100 mM NaCl, and 0.5% sodium dodecyl sulfate. Both solubilizing solutions contained a protease inhibitor cocktail and phosphatase inhibitor cocktail (100 g/ml PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, 30 mM sodium fluoride, and 3 mM sodium vanadate). After sonication for 15 s and centrifugation at 2,000 g for 10 min at 4°C, the protein concentrations in the supernatant was determined by use of a protein assay kit (Bio-Rad, Hercules, CA).
Western immunoblotting. Equal amounts of proteins were separated by SDS-PAGE electrophoresis using 10% and 15% (wt/vol) acrylamide resolving gel and electrophoretically transferred onto a nitrocellulose membrane. The membrane was blocked by incubation with 5% (wt/vol) nonfat dried milk-TBS-T (Tris-buffered saline, pH 7.6 plus 0.1% Tween-20) for 1 h at room temperature with gentle shaking. Then the membrane was incubated for 25 h at 4°C with different primary antibodies diluted in TBS-T 1% (wt/vol) nonfat dried milk. After a washing with TBS-T (3ϫ5 min), the membrane was incubated with horseradish peroxidase-conjugated matching secondary antibody (1: 2,000) in TBS-T or IRDye secondary antibody with gentle shaking at room temperature for 1 h. After washing the membrane with TBS-T (3ϫ5 min), the immunoreactive blot was visualized by SuperSignal Femto maximum sensitivity substrate kit or with the ODYSSEY infrared imaging system (LI-COR Biosciences, Lincoln, NE). This approach was used with all homogenates from LM-MP for all phosphorylated signaling proteins and for measurement of p-Akt and p-ERK1/2 from isolated muscle cells.
For measurement of p-PLC␥ and p-TrkB in cultures of isolated muscle cells, homogenates were first immunoprecipitated with one antibody and then immunoblotted with the other antibody following treatment of the cells with 10 nM BDNF or 1 M LM22A4. Cultured cells were homogenized in lysis buffer and centrifuged at 15,000 g for 30 min. The supernatant was precleared by incubation with 5 l of PLC-␥ antibody or 5 l of TrkB antibody for 2 h at room temperature followed by incubation overnight with 40 l of protein-A/G agarose. The immunoprecipitates were separated by SDS-PAGE and transferred electrophoretically to PVDF membranes. The membranes were incubated overnight at 4°C with phospho-PLC-␥ (1:1,000) in 5% wt/vol nonfat dry milk, 1ϫ TBS, or phospho-TrkB (1:500) in 5% wt/vol nonfat dry milk, 1ϫ TBS, 0.1% Tween 20. The membranes were then incubated at room temperature for 2 h in secondary antibodies conjugated to IRDye 800CW or 680 (LI-COR) diluted to 1:15,000 in PBS containing 0.1% Tween 20 and 0.01% SDS.
To ensure equal amount of protein loading, membranes were stripped and reblotted against the housekeeping protein GAPDH or antibody to the nonphosphorylated form of the kinase examined. Densitometric quantification of protein bands was done by using the software FluoroChem 8800 or with the ODYSSEY infrared imaging system (LI-COR Biosciences). The average band intensity was normalized to that of the control of the same lane. Statistical difference between the basal value and values after BDNF treatment was determined by paired Student's t-tests.
Materials. U73122 (PLC inhibitor), PD98059 (ERK1/2 inhibitor), and LY294002 (PI3K/Akt inhibitor) were obtained from Enzo Life Sciences, Farmingdale, NY; SP was from Bachem, Torrance, CA; K252a (TrkB inhibitor) was obtained from Calbiochem, Cambridge, MA; LM22A4 and 7,8-dihydroxyflavone were obtained from Tocris Bioscience (Minneapolis, MN); BDNF was from Promega-Fisher, Madison, WI; and all other chemicals were from Sigma-Aldrich, St. Louis, MO.
Antibodies. p75NTR (AB#1554) was from Millipore, Billerica, MA; TrkB (SC-8316), PLC-␥1 (SC-81), p-PLC-␥1(pY783.27) (SC-136186), and GAPDH (SC-25778) were from Santa Cruz Biotechnology, Santa Cruz, CA; and p-TrkB(Y516)/TrkA(Y490) (AB#4619), p-Akt (S473) (AB#4051), Akt (AB#9272), and p-ERK1/2 (Thr202/ Y204) (AB#9106) were from Cell Signaling (Boston, MA).
RESULTS

CCh induced concentration-dependent contraction.
In rabbit intestinal LM-MP strips, CCh caused a concentration-dependent contraction in the range of concentrations tested (10 nM-100 M) (data not shown) consistent with the well-known effects of cholinergic agonists on gut smooth muscle. The maximal response was obtained at 100 M CCh (1.5 Ϯ 0.08 g; n ϭ 8). The effect of BDNF and all other agonists and inhibitors on the contractile responses was investigated by using a submaximal concentration of 10 M CCh to induce muscarinic contraction. Contraction after test agent administration was compared with 10 M CCh peak contraction during the control period and values were expressed as percentage of the control contraction induced by CCh with each strip serving as its own control.
Effect of BDNF on basal tone. Exogenous BDNF did not significantly change basal tone of LM-MP strips on acute addition to the organ bath, and basal tone of the strips did not change during the course of the experiment regardless of the presence or absence of BDNF alone. The basal tension before addition of 10 nM BDNF was 0.82 Ϯ 0.03 g, and following 1 h incubation in the presence of 10 nM BDNF the basal tone was 0.92 Ϯ 0.04 g (P Ͼ 0.05, n ϭ 18) and was 0.88 Ϯ 0.05 g (P Ͼ 0.05, n ϭ 15) following 1-h incubation in the absence of BDNF.
Effect of BDNF on peak contraction induced by CCh. Incubation of rabbit LM-MP strips with 10 nM BDNF for 1-h significantly enhanced the contraction induced by 10 M CCh from 1.45 Ϯ 0.20 g above basal during the control period in the absence of BDNF to 2.75 Ϯ 0.31 g above basal following pretreatment with BDNF ( Fig. 1 ). This represents an augmentation of CCh-induced contraction of LM-MP by 88.0 Ϯ 5.9% after pretreatment with 10 nM BDNF (n ϭ 7, P Ͻ 0.05) (Fig.  1) . In preliminary studies, preincubation of LM-MP with BDNF for shorter time periods of 15 and 30 min did not significantly augment CCh-induced contractions (9 Ϯ 6 and 12 Ϯ 7% above control contractions, respectively), and incubation for a longer period of 24 h caused a lesser but significant increase in CCh-induced contraction (67 Ϯ 11% above control contraction; n ϭ 4, P Ͻ 0.05). All subsequent studies were therefore done at 1 h preincubation with BDNF. LM-MP contraction induced by 10 M CCh did not change after 1-h incubation with Krebs buffer alone ( Fig. 1 ; initial 1.51 Ϯ 0.16 vs. 1.56 Ϯ 0.15 g after 1 h in Krebs buffer alone, n ϭ 15, P Ͼ 0.05). In control studies, the effect of BDNF on CCh-induced contractions was determined to be due to an action at the level of the smooth muscle since the neural blocker, tetrodotoxin (1 M), had no effect on the augmentation induced by BDNF (79.1 Ϯ 6.3% augmentation in the absence of TTX vs. 85.9 Ϯ 8.7% augmentation in the presence of TTX; P Ͼ 0.05; n ϭ 4; data not shown).
Effects of BDNF on contraction of LM-MP strips induced by SP. SP caused contraction of rabbit LM-MP in dose-dependent manner (10 nM to 1 M) (data not shown). Contraction of LM-MP induced by 1 M SP after 10 nM BDNF pretreatment for 1 h was compared with that induced by 1 M SP before incubation. In contrast to the effect of BDNF incubation on CCh-induced contraction, 10 nM BDNF incubation for 1 h did not alter the contraction induced by 1 M SP. The maximal contraction induced by SP in the absence of BDNF was 1.00 Ϯ 0.07 g, and following 1-h incubation with 10 nM BDNF the contraction-induced by 1 M SP was 1.1 Ϯ 0.1 g (P Ͼ 0.05; n ϭ 7).
Effect of TrkB inhibition on BDNF enhancement of CChinduced contraction. The physiological effect of BDNF is mediated by two cell surface receptors: the BDNF-preferring TrkB receptor and the nonselective p75NTR. Therefore, the effect of BDNF on cholinergic-induced contraction could be attributed to either or both receptors. To test the role of TrkB, we used K252a, an agent that selectively inhibits Trk kinase activity (7, 11, 40, 46, 49, 57, 62) . K252a (1 M) was added 15 min before addition of BDNF and was present during the 1-h incubation period with BDNF. K252a abolished the enhancement of CCh-induced contraction due to BDNF pretreat-ment, returning CCh-induced contraction to pre-BDNF incubation levels (Fig. 2) . In contrast, incubation for 1 h in the presence of K252a alone at the same concentration (1 M) had no significant effect on baseline tension or on peak contraction to 10 M CCh. Peak contraction following K252a incubation alone for 1 h was 81 Ϯ 8% of control peak contraction obtained before the incubation period (P Ͼ 0.05) (Fig. 2) .
The differential role of the TrkB and p75NTR was additionally tested with selective antibodies to each receptor. In separate strips, a selective antibody to TrkB (SC8316, 1:100) or p75NTR (AB1444, 1:100) was added at the same time as BDNF and was present during the 1-h incubation period with BDNF. Neither antibody had any effect on baseline tone of the muscle strips The TrkB antibody abolished the augmentation of CCh-induced contraction by BDNF (73 Ϯ 10% augmentation in the absence of BDNF antibody vs. 10 Ϯ 12% inhibition in the presence of TrkB antibody) but had no effect on the CCh-induced contraction in the absence of BDNF (Fig. 3) . In contrast, the p75NTR antibody had no significant effect on the augmentation of CCh-induced contraction by BDNF (73 Ϯ 10% augmentation in the absence of p75NTR antibody vs. 58 Ϯ 11% augmentation in the presence of p75NTR antibody) or on the CCh-induced contraction in the absence of BDNF (Fig. 3) . This is consistent with the effects of K252a, suggesting that the effect of BDNF was mediated by TrkB receptor activation rather than p75NTR activation.
Effect of selective TrkB agonists on CCh-induced contraction. The participation of TrkB was further tested with two selective TrkB agonists LM 22A4 and 7,8-dihydroxyflavone, which do not interact with other Trk receptors and have been shown to be effective TrkB agonists in other systems (1, 5, 28, 37) . The same approach was used with these agonists as described for BDNF. Incubation of LM-MP with LM22A4 (1 M) or 7,8-dihydroxyflavone (1 M) 60 min before challenging with CCh enhanced the contraction by 78 Ϯ 22 and 61 Ϯ 16%, respectively, above peak CCh-induced contraction obtained before incubation, P Ͻ 0.05 (Fig. 4) . LM22A4 and 7,8-dihydroxyflavone alone had no contractile or relaxant effect on basal tone (data not shown).
Phosphorylation of TrkB by BDNF and a TrkB-selective ligand in isolated smooth muscle cells. The data with the Trk antagonist K252a (Fig. 2) , the TrkB antibody (Fig. 3) , and the selective TrkB agonists (Fig. 4) in LM-MP strips strongly support the hypothesis that the BDNF-induced augmentation of contractions in response to CCh is mediated by activation of TrkB receptors on smooth muscle. This notion was directly tested in smooth muscle cells isolated from the rabbit intestinal longitudinal muscle layer. Addition of 10 nM BDNF to cultures of isolated smooth muscle cells caused an 87 Ϯ 21% increase (P Ͻ 0.05) in TrkB phosphorylation and addition of the selective TrkB agonist LM22A4 (1 M) caused a 155 Ϯ 30% increase in TrkB phosphorylation (Fig. 5) .
The signaling pathways involved in the effect of BDNF on CCh-induced contraction. In general, three signaling pathways (ERK1/2, PLC-␥, and PI3K/Akt) are responsible for BDNFmediated signal transduction in a variety of tissues (reviewed in Refs. 41, 47, 52) . To deduce the signaling pathways involved in the effect of BDNF on CCh-induced contraction in rabbit LM-MP, we used pharmacological inhibitors to block the key enzymes in these pathways. Furthermore, we measured the level of phosphorylation (i.e., activation) of kinases in response to BDNF in muscle strips and cultured smooth muscle cells by Western blot utilizing specific antibodies to these kinases.
Role of ERK1/2 in mediating BDNF-induced enhancement of CCh-induced contraction. The role of ERK1/2 was assessed with the ERK1/2 specific inhibitor, PD98059. These studies were conducted as described for determination of the effect of BDNF on CCh-induced contractions except that 10 M PD98059 was added 15 min before BDNF and remained in the organ bath during the 1-h incubation with BDNF. Parallel control LM-MP were incubated with 10 M PD98059 alone. PD98059 itself had no effect on basal tone of the LM-MP (basal tone: 0.81 Ϯ 0.03 g in the absence and 0.78 Ϯ 0.06 g in the presence of PD 98059, P Ͼ 0.05, n ϭ 8). Incubation for 1 h in the presence of 10 M PD98059 had no effect on the subsequent response to 10 M CCh. Peak contraction following ERK1/2 inhibition with PD 98059 was 97.6 Ϯ 13.6% of the preincubation control peak contraction (P Ͼ 0.05, n ϭ 6) (Fig. 6) .
PD98059 also had no effect on the augmentation of CChinduced contraction induced by 1-h incubation with BDNF. CCh-induced contraction following 1-h incubation with BDNF alone was 193 Ϯ 22% of the CCh-induced contraction obtained prior to incubation with BDNF (P Ͻ 0.05; n ϭ 9) (Fig. 6) . In parallel LM-MP strips, 15-min pretreatment with 10 M PD98059 before BDNF incubation and during the 1-h incubation with BDNF did not affect the augmentation by BDNF. CCh-induced contraction following incubation in BDNF plus PD98059 was 183 Ϯ 19% of the contraction obtained prior to incubation with BDNF (P Ͻ 0.05; n ϭ 8) (Fig. 6) . The augmentations following incubation with BDNF alone and following BDNF plus PD 98059 were not significantly different and indicated that the effect of BDNF on CCh-induced contraction does not proceed through ERK1/2 activation. To directly test the effect of BDNF on ERK1/2 activation in intestinal smooth muscle, we measured the level of p-ERK1/2 in rabbit LM-MP and cultured smooth muscle cells by Western blot analysis with antibody specific to p-ERK1/2. GAPDH was used to normalize for protein loading of each lane in the gel. BDNF treatment of rabbit intestinal smooth muscle for 1 h had no significant effect on the level of ERK1/2 phosphorylation (3 Ϯ 5% decrease from basal in cultured muscle cells and 7 Ϯ 8% increase in muscle strips) (Fig. 6) , consistent with lack of effect of the ERK1/2 antagonist on BDNF-induced augmentation of CCh-induced contraction.
Role of PI3K/Akt in mediating BDNF-induced enhancement of CCh-induced contraction. The role of PI3K/Akt was assessed with the PI3K specific inhibitor, LY294002. These studies were conducted as described for determination of the effect of BDNF on CCh-induced contractions, except that 10 M LY294002 was added 15 min before BDNF and remained in the organ bath during the 1-h incubation with BDNF. Parallel control LM-MP strips were incubated with 10 M LY294002 alone. LY294002 itself had no effect on basal tone of the LM-MP (basal tone: 0.6 Ϯ 0.1 g in the absence and 0.7 Ϯ 0.1 g in the presence of LY294002, P Ͼ 0.05, n ϭ 5).
Incubation for 1 h in the presence of 10 M LY294002 had no effect on the subsequent response to 10 M CCh. Peak contraction following PI3K inhibition with LY294002 was 102 Ϯ 10% of the preincubation control peak contraction (P Ͼ 0.05, n ϭ 5) (Fig. 7) .
LY294002 also had no effect on the augmentation of CChinduced contraction induced by 1-h incubation with BDNF. CCh-induced contraction following 1-h incubation with BDNF alone was 167 Ϯ 8% of the CCh-induced contraction obtained prior to incubation with BDNF (P Ͻ 0.05; n ϭ 5) (Fig. 7) . In parallel LM-MP strips, 15-min pretreatment with 10 M LY294002 before BDNF incubation and during the 1-h incubation with BDNF did not affect the augmentation by BDNF. CCh-induced contraction following incubation in BDNF plus LY294002 was 158 Ϯ 9% of the contraction obtained prior to incubation with BDNF (P Ͻ 0.05; n ϭ 5) (Fig. 7) . The augmentations following incubation with BDNF alone and following BDNF plus LY294002 were not significantly different and indicated that the effect of BDNF on CCh-induced contraction does not proceed through PI3K/Akt activation.
To directly test the effect of BDNF on Akt activation in intestinal smooth muscle, we measured the level of p-Akt in rabbit LM-MP strips and cultured smooth muscle cells by Western blot analysis with antibody specific to p-Akt. GAPDH was used to normalize for protein loading of each lane in the gel. BDNF treatment of rabbit intestinal smooth muscle cells for 1 h had no significant effect on the level of Akt phosphorylation (12 Ϯ 6% decrease from basal in cultured muscle cells and 9 Ϯ 13% decrease in muscle strips) (Fig. 7) , consistent with lack of effect of the PI3K antagonist on BDNF-induced augmentation of CCh-induced contraction. 
Role of PLC in mediating BDNF-induced enhancement of CCh-induced contraction.
The role of PLC was assessed with the PLC specific inhibitor, U73122. These studies were conducted as described for determination of the effect of BDNF on CCh-induced contractions except that 10 M U73122 was added 15 min before BDNF and remained in the organ bath during the 1-h incubation with BDNF. Parallel control LM-MP strips were incubated with 10 M U73122 alone. U73122 itself had no effect on basal tone of the LM-MP (basal tone: 0.83 Ϯ 0.03 g in the absence and 0.81 Ϯ 0.08 g in the presence of U73122, P Ͼ 0.05, n ϭ 12). Incubation for 1 h in the presence of 10 M U73122 had no significant effect on the subsequent response to 10 M CCh. Peak contraction following PLC inhibition with U73122 was 117 Ϯ 14% of the preincubation control peak contraction (P Ͼ 0.05, n ϭ 6) (Fig. 8) .
In contrast to the ERK1/2 antagonist PD98059 and the PI3K antagonist LY294002, the PLC antagonist U73122 significantly inhibited the augmentation of CCh-induced contraction induced by 1-h incubation with BDNF. CCh-induced contraction following 1-h incubation with BDNF alone was 198% Ϯ 27% of the CCh-induced contraction obtained prior to incubation with BDNF (P Ͻ 0.05; n ϭ 7) (Fig. 8) . In parallel LM-MP strips, 15-min pretreatment with 10 M U73122 before BDNF incubation and during the 1-h incubation with BDNF inhibited the augmentation by BDNF. CCh-induced contraction following incubation in BDNF plus U73122 was significantly reduced to 111 Ϯ 18% of the contraction obtained prior to incubation with BDNF (P Ͼ 0.05; n ϭ 7) (Fig. 8) . The inhibition of the augmentatory effect of BDNF by U73122 indicated that the effect of BDNF on CCh-induced contraction proceeds through PLC, likely PLC-␥, the PLC isoform coupled to neurotrophin signaling including TrkB.
To directly test the effect of BDNF on PLC-␥ activation in intestinal smooth muscle, we measured the level of phosphorylated PLC-␥ in rabbit LM-MP strips and cultured smooth muscle cells by Western blot analysis with antibody specific to p-PLC-␥. Immunoblots were normalized to total PLC-␥ in muscle strips and GAPDH in cultured muscle cells. BDNF treatment of rabbit LM-MP for 1 h significantly increased (P Ͻ 0.05) the amount of p-PLC-␥ (62 Ϯ 11% increase above basal in cultured muscle cells and 68 Ϯ 9% above basal in muscle strips) (Fig. 8) , consistent with a primary role of PLC-␥ in mediating the BDNF-induced augmentation of CCh-induced contraction.
DISCUSSION
In this study, we provide evidence demonstrating a functional role of BDNF in gut contractility. BDNF enhanced smooth muscle contraction induced by muscarinic but not tachykinin receptor stimulation. The effect of BDNF is mediated through activation of TrkB receptors and the subsequent phosphorylation of PLC, most likely PLC-␥.
As outlined in the introduction, BDNF is present in the gastrointestinal tract and has been shown to enhance motility, transit, and stool output in both animal and human studies (8, 12, 22, 59) . Additionally, mice deficient in BDNF (BDNF ϩ/Ϫ ) have reduced peristalsis and slower velocity of propulsion of fecal pellets (22) . Despite this, little is known of the exact mechanism(s) by which BDNF acts. Several potential sites of action of BDNF in enhancing motility have been suggested. Grider et al. (22, 23) demonstrated that BDNF is released from mucosal enteroendocrine cells and from intrinsic primary afferent neurons innervating the mucosa of rat and mouse colon in response to mucosal mechanical stimulation. In this context BDNF acts to augment the peristaltic reflex leading to enhanced propulsive motility. In guinea pig ileum, Boesmans et al. (7) showed that BDNF enhanced the increase in Ca 2ϩ in myenteric neurons elicited by other excitatory transmitters, thus facilitating synaptic transmission within the enteric nervous system and promoting motility. Chai et al. (9) demonstrated that in the rat colon BDNF increased the frequency, amplitude, and duration of spike bursts recorded from the muscle layer, suggesting the possibility of a site of action on smooth muscle or interstitial cell of Cajal.
The present study in rabbit longitudinal muscle strips and cells, and a study by Chen et al. (10) in mouse longitudinal muscle suggest a smooth muscle site of action, which would also explain the enhanced propulsion by BDNF. In both studies, BDNF augmented smooth muscle contraction elicited by other excitatory neurotransmitters without initiating contraction or altering baseline tone on its own. This is consistent with studies by Grider et al. (22, 23) and by Boesmans (7) in gut, and by Goggi (21) in rat brain in which BDNF enhanced neural activity (i.e., peristalsis, neurotransmitter release, synaptic activity, and elevation of intracellular Ca 2ϩ ) without having a direct effect on its own. These findings suggest that BDNF should be viewed as a true modulatory agent.
Although both our study and that of Chen et al. (10) support the notion that BDNF can enhance motility by a direct effect on smooth muscle, they differ dramatically in some aspects. In our study, the augmentation by BDNF was limited to the muscarinic agonist since a 60-min preincubation with 10 nM BDNF had no effect on contraction elicited by SP. This is in contrast to the study of Chen et al. in longitudinal strips from mouse intestine and colon in which response to SP (and CGRP) but not acetylcholine was significantly enhanced. The reason for these differences is unclear; however, the studies differ in several ways. We used LM-MP strips devoid of circular muscle from rabbit intestine whereas Chen et al. used fullthickness muscularis strips from mouse intestine and colon containing both circular and longitudinal muscle layers but hung in the longitudinal orientation. Both studies used 10 nM BDNF, but we used a 60-min preincubation whereas Chen et al. used a 10-min incubation period. Finally, we measured the peak tonic contraction in response to CCh and SP, whereas in the mouse intestine and colon the contractile agonists elicited an increase in ongoing phasic contractions. It is noteworthy that similar to our findings in gut smooth muscle, preexposure of rat and human airway smooth muscle to BDNF causes an augmentation of muscarinic contractions (1, 40, 48, 49, 62) .
We next identified the mechanism by which BDNF augmented muscarinic contractions. In contrast to seven-transmembrane, G protein-coupled receptors such as those that mediate the response to muscarinic agonists and SP, neurotrophins including BDNF act via two receptors: a specific, highaffinity Trk receptor TrkB in the case of BDNF, and a nonspecific, low-affinity receptor, p75NTR. The canonical intracellular signaling pathways activated by these receptors are the ERK1/2 pathway, the PI3K/Akt pathway, and the PLC-␥ pathway. In the present study, we examined the participation of the TrkB and p75NTR receptor and each of these neurotrophin signaling pathways in mediating the BDNF-induced augmentation of muscarinic contractions.
TrkB and p75NTR receptors have been identified in enteric neurons and glia of guinea pig ileum (7), human intestine (14, 24, 25, 26, 29) , mouse stomach and intestine (35) , and frog and fish intestine (38, 50) , although the proportions vary with the species. Additionally, these receptors have been identified in epithelial cells, often enteroendocrine cells, of the mucosa of guinea pig ileum (7), human intestine (14, 15, 26, 29, 55) , and frog and fish intestine (38, 50) . Most studies have used immunohistochemical approaches and have failed to identify TrkB or p75NTR receptors in gut muscle with the exception of the presence of TrkB receptors in upper esophagus of the mouse (35) and in smooth muscle of blood vessels in the intestinal muscularis (15) .
In the present study, we demonstrated by several mechanisms that the ability of BDNF to augment muscarinic contraction is mediated through TrkB receptors. First we used the Trk-specific inhibitor K252a to block TrkB receptors. Although K252a is a general Trk inhibitor, it has been used in a variety of studies with BDNF to differentiate TrkB-mediated responses from p75NTR-mediated responses (7, 11, 40, 42, 49, 57, 62) , K252a blocked the augmentatory effect of BDNF on CCh peak contraction in LM-MP strips (Fig. 2) . Secondly, immunoneutralization of TrkB with TrkB antibody abolished the effect of BDNF whereas a p75NTR antibody had no effect on the ability of BDNF to augment the CCh-induced contraction (Fig. 3) . This suggests that the effects of BDNF were mediated largely, if not solely, by TrkB receptors. Chen et al.
(10) also found that a TrkB antibody blocked the effect of BDNF in mouse intestine. Thirdly, we used two TrkB-selective agonists, LM22A4 and 7,8-dihydroxyflavone (1, 5, 28) , and showed that these resulted in augmentation of peak CCh contraction similar to that seen with BDNF (Fig. 4) . These results support the conclusion that BDNF augments CChinduced contraction by activating TrkB receptors. In line with this finding, several reports indicate that BDNF mediates its biological effect in muscle through TrkB receptor activation. For example, BDNF and 7,8-dihydroxyflavone enhanced cholinergic neurotransmission via activation of TrkB rather than the p75NTR receptor in mice diaphragm muscle and rat and human airway smooth muscle (1, 37, 40) and the augmentation of cholinergic contraction by BDNF in airway smooth muscle is strongly inhibited by K252a and a TrkB antibody (49, 57) . Finally, we directly measured the ability of BDNF to activate (i.e., phosphorylate) TrkB receptors in cultured rabbit jejunal smooth muscle cells devoid of other cell types. Both BDNF and the selective TrkB agonist LM22A4 increased phosphoTrkB levels (Fig. 5) , supporting the data derived from the use of the antagonists and antibodies that the action of BDNF in rabbit intestinal smooth muscle is mediated through activation of TrkB receptors.
Since TrkB receptors have been demonstrated immunohistochemically on enteric neurons and mucosal enteroendocrine cells, and because we (22, 23) and others (7) have shown augmentation of motility via these mechanisms, it is possible that the effects described in the present study could be mediated via neuronal or paracrine actions. This is unlikely since in control studies tetrodotoxin had no effect on the augmentation of CCh-induced contraction by BDNF and because the LM-MP are devoid of mucosa. Additionally, if there were a direct effect of BDNF to release an excitatory neurotransmitter in these strips, BDNF would have had an effect by itself and it would have augmented the contraction induced by SP. Finally, our studies in cultured smooth muscle cells demonstrate a direct activation (i.e., phosphorylation) of the TrkB receptor in isolated cultured smooth muscle cells devoid of neurons, glia, and endothelial cells.
The present study demonstrates that BDNF acts to augment CCh peak contraction in rabbit intestine by activating PLC. This notion is supported by the finding that a specific PLC inhibitor, U73122 (1-10 M), abolished the augmentation by BDNF of CCh-induced contraction (Fig. 8) . In contrast neither the ERK1/2 inhibitor PD98059 (Fig. 6) nor the PI3K/Akt inhibitor LY294002 (Fig. 7) had any effect on the augmentation of CCh-induced contraction by BDNF. This is in contrast to human airway smooth muscle, where PD98059 partially inhibited the augmentatory effects of BDNF (1) . This difference may be explained by the fact that the effects of PD98059 in airway smooth muscle were the result of a reduction in Ca 2ϩ release from internal stores rather than a decrease in Ca 2ϩ influx mechanisms whereas the main source of the increase in Ca 2ϩ in response to muscarinic agonists in intestinal longitudinal muscle is influx rather than release from internal stores (44, 45) . Similar to the present study, inhibition of the Akt pathway was less effective in reducing the augmentatory effect of BDNF in human airway smooth muscle. Consistent with the lack of effect of inhibitors of ERK1/2 and PI3K/Akt in blunting the augmentation of CCh-induced contraction by BDNF, direct measurement of phosphorylated ERK1/2 and Akt in LM-MP and in cultured smooth muscle cells demonstrated that BDNF does not activate these signaling pathways in jejunal smooth muscle.
The PLC inhibitor used in this study, U73122, is selective for PLC but does not distinguish isoforms. Although there is at present no selective PLC-␥ antagonist to definitively test the role of this isoform, it is most likely the PLC-␥ isoform that mediates the augmentation of CCh-induced contraction by BDNF. This notion is suggested by several points. First, in the present study, BDNF addition to LM-MP and to cultured smooth muscle cells caused a robust PLC-␥ phosphorylation indicative of activation (Fig. 8) . Secondly, PLC-␥ is one of the three canonical signaling pathways coupled to TrkB in a variety of tissues and the TrkB-PLC-␥ signaling pathway has been shown to be coupled to increase in Ca 2ϩ and augmentation of responses in mouse Purkinje cells, rat visual cortex neurons, and rat DRG neurons (11, 19, 42) . Finally, PLC inhibition with U73122 had no effect on CCh-induced contraction in the absence of BDNF (Fig. 8) . This is consistent with the lack of PLC-␤ activation in intestinal longitudinal muscle cells (reviewed in Ref. 44) . Thus the augmentatory effect of BDNF on CCh-induced contraction in the present study most likely reflects the activation of PLC-␥, a mechanism that is usually absent in intestinal longitudinal muscle. This may also explain the lack of an acute effect of BDNF in longitudinal smooth muscle and the requirement for preincubation for an hour before its augmentatory effects are evident.
The augmentation of muscarinic contraction of intestinal longitudinal muscle by BDNF may explain, in part, the increased contractility of smooth muscle associated with inflammation of the gut (reviewed in Refs. 32, 36, 39, 53) . Inflammation is associated with structural and functional changes in the contractile apparatus of gut that leads to altered motor function (6, 43) . Hypercontractility, especially of longitudinal smooth muscle, has been reported in IBD patients, especially Crohn's patients, and is a characteristic of a variety of models of gut inflammation (2, 3, 20, 27, 33, 43, 51) . Similarly, hypercontractility of airway smooth muscle is also a hallmark of lung inflammation and BDNF upregulation during airway inflammation has been shown to mediate this hypercontractility (1, 28, 40, 49, 57) . In the same manner, the increase in BDNF expression induced by cytokines during gut inflammation (30, 60) may, in part, explain the hypercontractility and altered motor function associated with gut inflammation.
In conclusion, BDNF preincubation augments the CChinduced contraction of smooth muscle of the longitudinal muscle layer of rabbit intestine. The effect of BDNF is the result of TrkB activation and subsequent phosphorylation of PLC. These results provide new insight into the mechanisms of neurotrophin (BDNF) modulation of gut function, which may lead to new therapeutic avenues for treatment of gastrointestinal disorders, and explain some of the pathological motility changes associated with inflammation. 
